Mouse mast cell protease (mMCP) 1, mMCP-2, mMCP-4, and mMCP-5 are members of a family of related serine proteases whose genes reside within an ϳ850 kilobase (kb) complex on chromosome 14 that does not readily undergo crossover events. While mapping the mMCP-1 gene, we isolated a novel gene that encodes a homologous serine protease designated mMCP-9. The mMCP-9 and mMCP-1 genes are only ϳ7 kb apart on the chromosome and are oriented back to back. The proximity of the mMCP-1 and mMCP-9 genes now suggests that the low recombination frequency of the complex is due to the closeness of some of its genes. The mMCP-9 transcript and protein were observed in the jejunal submucosa of Trichinella spiralis-infected BALB/c mice. However, in normal BALB/c mice, mMCP-9 transcript and protein were found only in those mast cells that reside in the uterus. Thus, the expression of mMCP-9 differs from that of all other chymases. The observation that BALB/c mouse bone marrow-derived mast cells developed with interleukin (IL) 10 and c-kit ligand contain mMCP-9 transcript, whereas those developed with IL-3 do not, indicates that the expression of this particular chymase is regulated by the cytokine microenvironment. Comparative protein structure modeling revealed that mMCP-9 is the only known granule protease with three positively charged regions on its surface. This property may allow mMCP-9 to form multimeric complexes with serglycin proteoglycans and other negatively charged proteins inside the granule. Although mMCP-9 exhibits a >50% overall amino acid sequence identity with its homologous chymases, it has a unique substrate-binding cleft. This finding suggests that each member of the chromosome 14 family of serine proteases evolved to degrade a distinct group of proteins.
A closely linked complex of genes that encode mouse mast cell protease (mMCP) 1 1, mMCP-2, mMCP-4, mMCP-5, cathepsin G, and granzymes B to G exists on chromosome 14 (1) (2) (3) (4) (5) . Relative to pancreatic chymotrypsin, these serine proteases have a conserved set of insertions and deletions in their amino acid sequences. The three-dimensional structure of rat mast cell protease II (rMCP-II), which was determined by x-ray crystallography (6) , shows that the changes result in subtle but important differences relative to the chymotrypsin structure. The deletion of a Cys residue, and therefore a disulfide bond, in the C-terminal portion of these proteases represents one of the amino acid sequence changes that causes a prominent loop to extend part way into the substrate-binding cleft (6, 7) . It is believed that this structural feature causes the chromosome 14 family of serine proteases to have substrate specificities that are more restricted than that of chymotrypsin, whose homologous gene resides on chromosome 8.
Each of these serine proteases appears to have a unique set of amino acids in its substrate-binding cleft. It is conceivable that the mMCP genes evolved on chromosome 14 because of the need for multiple proteases with restricted but different substrate specificities. For example, granzyme B is so similar to pancreatic chymotrypsin in its overall amino acid sequence that it was originally predicted to be a chymase. However, granzyme B actually prefers an Asp residue at the P1 position of its substrates because the S1 site of this protease includes the Arg 207 residue (8) . Thus, it appears that the consequence of restricted substrate specificity led to evolutionary pressure for a larger number of related genes in the mouse. mMCP-1, mMCP-2, mMCP-4, and mMCP-5 all have a conserved face on their surfaces away from the substrate-binding cleft that is positively charged (7) at the granule pH of 5.5 (9) . It is believed that this positively charged region enables these chromosome 14 chymases to interact electrostatically with negatively charged serglycin proteoglycans in the Golgi region, ensuring the targeting of only properly folded proteases to the secretory granule and the accurate proteolytic conversion of the zymogens after sequestration in the intracellular storage com-* This work was supported by National Institutes of Health Grants AI-07306, AI-22531, AI-23483, AI-31599, AR-07530, AR-36308, GM-54762, HL-48598, and HL-36110 and by a Sinsheimer Scholar Award (to A. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The nucleotide sequence(s) reported in this paper has been submitted to the GenBank TM /EBI Data Bank with accession number(s) AF007119 and AF007120. partment. The tryptase mMCP-7 (10, 11) , whose gene resides on chromosome 17 rather than chromosome 14, also possesses the conserved face, but its proteoglycan-binding domain includes several His residues in addition to the Lys and Arg residues (12) . The tryptase mMCP-6 (13), whose gene also resides on chromosome 17, is an exception in that its putative proteoglycan-binding domain resides on a different part of the molecular surface (14) . The electrostatic characteristics of these proteoglycan-binding domains are important for functional diversity among the mMCPs because they determine both the equilibrium concentration and the rate at which the various chymases and tryptases dissociate from the exocytosed granule core (14) .
The mMCP-1, mMCP-2, mMCP-4, and mMCP-5 genes are each ϳ3 kilobases (kb) in size and contain 5 exons (3, (15) (16) (17) . Pulse-field gel electrophoresis revealed that they are located on an ϳ850-kb fragment of chromosome 14, but mapping studies failed to reveal a crossover point in the complex even when the linkage analysis was extended to the chromosome 14 family of granzyme genes (2, 3) . Thus, either many of the protease genes are quite close in the complex or some structural constraint in this region of chromosome 14 hinders recombination events.
Because knowledge concerning the order and orientation of the members of the chromosome 14 family of serine protease genes and the relative distances between them is needed for an understanding of their transcriptional regulation, we and others have begun to map the genomic complex in the mouse. We now describe a novel gene, mMCP-9, that resides only ϳ7 kb away from the mMCP-1 gene on chromosome 14. The proximity of the two chymase genes offers an explanation for the low recombination frequency of the chromosome 14 complex of serine protease genes. We also show that the mMCP-9 gene, its transcript, and its translated product have several interesting features that account for the selective expression of this gene in specific populations of mast cells.
EXPERIMENTAL PROCEDURES
Cloning and Nucleotide Sequencing of the mMCP-9 Gene-A bacteriophage clone (JH-1) (see Fig. 1A ) was isolated by screening a BALB/c mouse genomic library under conditions of high stringency with a radiolabeled probe specific for the mMCP-1 gene (15) . Mapping analysis with varied restriction enzymes revealed that clone JH-1 contained two homologous but distinct genes. Thus, with standard methodologies, the three EcoRI-derived fragments liberated from the insert were subcloned into Bluescript, and their nucleotide sequences were determined with dideoxy/cycle sequencing methodologies (18) . One sequence corresponded to the mMCP-1 gene. Because the other was novel, it was designated the mMCP-9 gene. 2 A polymerase chain reaction (PCR) approach confirmed that the EcoRI fragments were contiguous in the phage clone. For example, mMCP-9-specific sense (5Ј-GTACATCTTGC-CTCCAAATTAC-3Ј) and antisense (5Ј-CAACACATCGCCCAGGCTT-3Ј) primers were used to amplify a 300-base pair (bp) fragment from the clone that spanned the EcoRI site between fragments JH-1B and JH-1C. Each of the 30 cycles of the PCR consisted of a 30-s denaturing step at 94°C, a 45-s annealing step at 60°C, and a 60-s extension step at 72°C. Generally, each PCR contained 50 ng of phage DNA and 300 ng of primer in a total reaction volume of 100 l. The amplified products were subjected to electrophoresis in a 0.8% low melting point agarose gel, and the appropriate DNA fragments were excised, purified with Geneclean TM (BIO 101 Inc., Vista, CA), and sequenced.
The orientation and spacing of the mMCP-1 and mMCP-9 genes in chromosomal DNA were confirmed with a long range PCR approach.
Each 100-l sample contained 200 ng of BALB/c mouse chromosomal DNA (CLONTECH), 300 ng of an oligonucleotide primer (5Ј-TTCAC-CCCAATCTCCCCAC-3Ј) that corresponded to a region in exon 5 of the mMCP-9 gene, and 300 ng of an oligonucleotide primer (5Ј-CCTGTC-CCTTTGAGGATCTCA-3Ј) that corresponded to a region in exon 5 of the mMCP-1 gene. A long range PCR kit was used according to the recommendations of the manufacturer. Each of the 30 cycles of the PCR consisted of a 1-min denaturing step at 94°C, a 10-min annealing step at 60°C, and a 10-min extension step at 72°C.
Isolation and Characterization of the mMCP-9 Transcript in Different Tissues-The mMCP-9 transcript was sought in various tissues of normal BALB/c mice (The Jackson Lab., Bar Harbor, ME), BALB/c mice that had been infected with Trichinella spiralis (20, 21) , BALB/c mice that had a systemic mastocytosis following the adoptive transfer of the V3 mast cell line (22) , and in in vitro derived BALB/c mast cells (23, 24) . RNA was isolated according to the method of Chomczynski and Sacchi (25) from liver, spleen, ear, intestine, and uterus of normal BALB/c mice and from liver and spleen of V3 mastocytosis mice. V3 mastocytosis mice were used 2-4 weeks after the adoptive transfer of ϳ10 6 v-ablimmortalized V3 mast cells into the tail vein of each 6-week-old BALB/c mouse (22) . RNA also was isolated from mouse bone marrow-derived mast cells (mBMMC) that were developed for 3 weeks with recombinant mouse interleukin-3 (IL) (100 units/ml) alone (23) or 5 weeks with both recombinant mouse c-kit ligand (KL) (100 ng/ml) and IL-10 (100 units/ ml) (24) . Lastly, BALB/c mice were infected with ϳ500 T. spiralis larvae (20, 21) , and then total RNA was isolated from the intestine on day 10 after infection.
Based on the nucleotide sequence of the mMCP-9 gene, including its exon/intron organization, primers were designed for reverse transcriptase (RT) PCR that would enable the amplification and cloning of an ϳ650-bp cDNA that encodes from residues 17 to 226 of mature mMCP-9. Reverse transcription was performed on 5 g of total RNA with avian myeloblastoma virus RT (Invitrogen, San Diego, CA). The reaction was oligo(dT)-primed, and two cycles were performed at 42°C, each for 1 h. PCR was then performed with sense (5Ј-TGGCCTATGT- 2 The novel gene was designated as the mMCP-9 gene because it is the ninth granule serine protease expressed by mouse mast cells. Although the N-terminal amino acid sequence of mMCP-3 has been determined (19) , the nucleotide sequence of its transcript and that of its gene have not. The nucleotide and deduced amino acid sequences of the mMCP-8 transcript have been reported by Huang and co-workers in GenBank TM Data Bank (accession number X78545). The GenBank accession numbers for the mMCP-9 gene and cDNA are AF007119 and AF007120, respectively. GAATACCTTCAGTAA-3Ј) and antisense (5Ј-GGCTTTTCACTACTC-GCCCTT-3Ј) primers specific for mMCP-9 or sense (5Ј-GTGGGC-CGCTCTAGGCACCAA-3Ј) and antisense (5Ј-CTCTTTGATGTCACG-CACGATTTC-3Ј) primers (CLONTECH) specific for mouse cytoplasmic ␤-actin (26) . Each of the 30 cycles of the PCR consisted of a 1-min denaturing step at 94°C, a 2-min annealing step at 60°C, and a 3-min extension step at 72°C. Vent polymerase was used to reduce the number of PCR-induced point mutations in the nucleotide sequences of the generated DNA. The RT-PCR products were electrophoresed on a 1% agarose gel containing ethidium bromide, and their sizes were determined by comparison with fragments obtained from a HindIII digest of DNA, a HaeIII digest of X174 DNA, or a synthetic DNA ladder consisting of 15 blunt-ended fragments that increase in multiples of 100 bp from 100 to 1500 bp (Life Technologies, Inc., Gaithersburg, MD). In one instance, the RT-PCR product obtained from the intestine of T. spiralis-infected mice was purified, inserted into a PCR cloning vector with a commercially available kit (5 Prime 3 3 Prime, Inc., Boulder, CO), and sequenced. In another instance, the RT-PCR product from uterus was purified by gel electrophoresis and directly sequenced.
Generation and Use of an Anti-peptide Antibody That Selectively Recognizes mMCP-9 -An immunohistochemical approach (27) was used to evaluate the presence of mMCP-9 protein in different populations of in vivo differentiated mast cells. The peptide Val-Glu-Leu-Lys-Ile-Val-Gly-Glu-Lys, which corresponds to residues 144 to 152 of mature mMCP-9, is not present in homologous mMCP-1, mMCP-2, mMCP-4, or mMCP-5. A model of the three-dimensional structure of homologous chymase mMCPs (7) predicted that this peptide would protrude from the surface of the folded enzyme. Thus, antibodies were raised in rabbits against the synthetic peptide by Quality Controlled Biochemicals (Hopkinton, MA). An enzyme-linked immunosorbent assay (ELISA) with peptide coupled to bovine serum albumin detected reactivity at an ϳ30,000-fold dilution. When SDS-PAGE/immunoblot analysis was used to test its specificity, the affinity-purified antibody at a 1000-fold dilution did not recognize insect cell-derived recombinant mMCP-1, mMCP-2, mMCP-4, or mMCP-5 (data not shown).
Immunohistochemistry was carried out as described for anti-peptide antibodies to mMCP-1 (21), mMCP-2 (28), mMCP-4, 3 and mMCP-5 (29) . Sections of tissue were fixed in 4% paraformaldehyde in phosphatebuffered saline (PBS) for 4 h at room temperature, dehydrated, embedded in JB4 glycolmethacrylate (Polysciences Inc., Warrington, PA), sectioned at 2 m thickness, and picked up on glass slides. In each analysis, the chloroacetate esterase enzyme cytochemistry reaction (21, 30) was performed on the first serial section to identify all chymasepositive mast cells. The rest of the slides were routinely incubated sequentially in 2 mM CaCl 2 containing 0.125% trypsin, PBS containing 0.05% Tween-20 and 0.1% bovine serum albumin, PBS containing 0.05% Tween-20 and 4% normal goat serum, and 4% normal goat serum containing the appropriate affinity purified rabbit immunoglobulin (Ig). (22), affinity purified anti-mMCP-9 Ig did not recognize any cell in this tissue.
Comparative Protein Modeling and Electrostatic Calculations for mMCP-9 -As described for the chymases mMCP-1, mMCP-2, mMCP-4, and mMCP-5 (7) , and the tryptases mMCP-6 and mMCP-7 (12, 14) , a three-dimensional model of mMCP-9 was built by MODELLER-3 4 (31) with the crystallographic structure of rMCP-II (Brookhaven National Laboratory Protein Data Bank code 3RP2) (6) used as the template. The model of mMCP-9 passes all the stereochemistry checks implemented in the program PROCHECK-3 (32) and also the energy profile test by the program ProsaII (33) . The electrostatic potentials of mMCP-9 below and above pH 6.5 were calculated with the GRASP program (34) with standard atomic charges from the CHARMM-22 force field (35) . Each Lys and Arg residue was assigned a net positive charge, and each Glu and Asp residue was assigned a net negative charge. Each His residue was assigned a net positive charge below pH 6.5 and a net neutral charge above pH 6.5.
RESULTS
Cloning and Analysis of the mMCP-9 Gene-When the JH-1 genomic clone was digested with EcoRI, three fragments were obtained whose sizes were approximately 1.4, 2.6, and 9 kb (Fig. 1A) . Although the insert in the JH-1 phage clone was only ϳ13 kb, nucleotide sequencing analysis revealed the presence of two complete serine protease genes. Fragment JH-1A contained exons 1-3 of the mMCP-1 gene, whereas fragment JH-1B contained its last two exons. Based on the conserved exon/intron organization of closely related mMCP genes, the mMCP-9 gene is 2.6 kb in size and contains five exons. Fragment JH-1C contained exons 1-3 of the mMCP-9 gene, whereas fragment JH-1B contained the last two exons of the gene. PCR analysis of the EcoRI junctions indicated that the three fragments are contiguous in the isolated phage clone. Moreover, the same sized ϳ7-kb fragment was isolated from chromosomal and plasmid DNA when a long range PCR approach was used to amplify the nucleotide sequence that spans the two genes ( Fig. 1B) . Thus, the mMCP-1 and mMCP-9 genes are orientated back-to-back with only ϳ7 kb of 3Ј flanking DNA separating them. The nucleotide sequence of the mMCP-9 gene and its exon/intron organization are shown in Fig. 2 .
Isolation and Characterization of the mMCP-9 Transcript and Deduced Protein Structure-With primers located in exons 2 and 5 of the mMCP-9 gene, an RT-PCR product of the correct size was obtained from total RNA isolated from the intestines of BALB/c mice that had been infected with T. spiralis for 10 days (Fig. 3) . The nucleotide sequence of the nearly full-length cDNA corresponded precisely with the putative exons in the gene. The mMCP-9 gene and mRNA, therefore, encode a serine protease whose putative mature form consists of 226 amino acids. In its zymogen form, mMCP-9 has a putative 18-residue signal peptide and a Glu-Glu pro-peptide. In its mature form, mMCP-9 exhibits a Ͼ50% overall amino acid sequence identity with the other mMCPs at the complex. mMCP-9 possesses the catalytic triad of His 45 , Asp 89 , and Ser 182 , as well as the N terminus of Ile-Ile-Gly-Gly characteristic of serine proteases. Mature mMCP-9 has two potential N-linked glycosylation sites, residing at residues 82 and 100.
Comparative Protein Structure Modeling of mMCP-9 -A comparative model of mMCP-9 based on the rMCP-II crystallographic structure revealed that most residues in the S1 sites of mMCP-9, rMCP-II, and pancreatic chymotrypsin are similar in terms of size, polarity, and charge ( Fig. 4) . Thus, it is likely that mMCP-9 is a chymase, preferring a hydrophobic residue at the P1 position of its substrates. Relative to chymotrypsin, mMCP-9 possesses the same set of insertions and deletions in its amino acid sequence that have been identified in rMCP-II, mMCP-1, mMCP-2, mMCP-4, and mMCP-5. For example, mMCP-9 has the prominent 3-residue insertion in loop A, which extends into the substrate-binding cleft and probably narrows the substrate specificity at the S3Ј site. Despite its overall similarity to rMCP-II and the other mouse mast cell chymases, mMCP-9 has a number of unique or nearly unique residues that form its substrate-binding cleft. For example, residue 198 in the substrate-binding cleft is a Ser in mMCP-9 but is a Tyr in most other chymases. There is almost no conservation of the charged residues in the substrate-binding clefts of mMCP-9 and the other mouse mast cell chymases. In particular, mMCP-9 has the most positively charged S3Ј site, suggesting a preference for a negatively charged residue at position P3Ј in its substrates. mMCP-9 is the most positively charged mMCP so far cloned. Because mature mMCP-9 possesses 11 Arg, 20 Lys, 7 His, 8 Glu, and 5 Asp residues, it has overall net charges of ϩ25 and ϩ18 at pH values below and above 6.5, respectively. When properly folded, mMCP-9 is predicted to have three almost contiguous regions of positive electrostatic potential that cover approximately one-half of the total molecular surface (Fig. 5) . These regions are located away from the substrate-binding cleft. Region Arg 12 , His 58 , Arg 61 , Lys 62 , Arg 63 , Arg 130 , Lys 134 , Lys 135 , His 139 , and Arg 142 . Because regions 1 and 2 are dominated by Lys and Arg residues, most of the positive charge on these opposing surfaces of mMCP-9 is likely to be maintained when the chymase is exocytosed into a neutral pH environment. However, because of the cluster of three His residues in the center of region 3, a significant reduction of the positive electrostatic potential in region 3 occurs when the pH rises from 5.5 to 7.5 (Fig. 5) .
Expression of mMCP-9 in Different Tissues and Populations of Mast Cells-As assessed by RT-PCR analysis, the mMCP-9 transcript is present in those BALB/c mBMMC developed with KL and IL-10 but not in those mBMMC developed with IL-3 ( Fig. 6 ). Whereas the mMCP-9 transcript was not detected in the RNA samples obtained from the ear, intestine, liver, and spleen of normal BALB/c mice, the chymase transcript was detected in RNA samples obtained from the uterus. The mMCP-9 transcript was also detected in RNA samples isolated from the jejunum of BALB/c mice 10 days after infection with T. spiralis (Fig. 6 ). However, blot analysis disclosed that the steady-state level of the mMCP-9 transcript in helminth-infected jejunum is substantially less than that of the induced mMCP-1 transcript (data not shown). The mMCP-9 transcript was not detected in the liver or spleen of the V3 mastocytosis mouse.
Immunohistochemical analysis of serial sectioned tissue from three animals revealed that essentially all of the Ͼ100 chloroacetate esterase-positive mast cells examined in the uterus of the normal BALB/c mouse expressed mMCP-9 (Fig.  7) . When 20 or more of these mMCP-9-positive cells were analyzed immunohistochemically for the presence of other mMCPs, most uterine mast cells additionally expressed mMCP-4 and mMCP-5. Some expressed a small amount of mMCP-1 but none expressed mMCP-2. As assessed immunohistochemically, the submucosa mast cells are the major population of chloroacetate esterase-positive cells in the mouse jejunum at the height of helminth infection that express mMCP-9 (Fig. 8) . These jejunal mast cells also express mMCP-4 and mMCP-5 and, occasionally, mMCP-2; but they rarely, if ever, express mMCP-1. In agreement with the RT-PCR data, mMCP-9 protein was not detected immunohistochemically in the mMCP-5-positive mast cells present in the intestine, spleen, and ear of noninfected mice (data not shown).
DISCUSSION
The analysis of a phage genomic clone revealed the presence of a gene (Fig. 2) that encodes a novel serine protease, designated mMCP-9, residing ϳ7 kb 3Ј of the mMCP-1 gene (Fig. 1) . This finding indicates that the chromosome 14 complex in the mouse contains more serine protease genes than previously recognized. The proximity of the mMCP-1 and mMCP-9 genes also suggests that the low recombination frequency of the complex is a consequence of the closeness of some of its genes. A cluster of five ϳ3-kb trypsinogen genes has been identified recently in the human ␤ T-cell receptor locus (42) . Analogous to the mMCP-1 and mMCP-9 genes, each trypsinogen gene is separated from its adjacent gene by ϳ7 kb. Thus, this 7-kb spacing may be a common feature for the chromosomal organization of serine protease genes within their individual families.
The ␤-globin locus is a well studied gene cluster (43) . During development, the five genes located in the complex are transcribed in a sequential order with the genes located at the 5Ј and 3Ј ends of the locus being transcribed first and last, respectively. A locus control element residing ϳ30 kb 5Ј of the embryonic ⑀ gene plays a critical role in the regulated expression of these genes (44) . The finding by nuclear run-on analysis that most, if not all, chymase genes are transcribed in IL-3-developed BALB/c mBMMC, even though the steady-state levels of the mMCP-1, mMCP-2, and mMCP-4 transcripts are below detection because of a post-transcriptional control mechanism (45), raises the possibility that a distant locus control element promotes the transcription of all mMCP genes at the complex. Mapping studies have revealed that the mouse granzyme B gene is the most 5Ј granzyme gene in the chromosome 14 complex. Disruption of this gene does not alter the rate of transcription of the cathepsin G gene but does severely reduce the expression of the other granzymes at the complex (5) . Although this finding suggests that transcription of the varied chromosome 14 granzyme genes is regulated by a distant locus control element, it remains to be determined if such an element universally controls the transcription of the chromosome 14 family of chymase genes. The possibility has not been ruled out that the most critical cis-acting elements reside at similar sites in the 5Ј and/or 3Ј-flanking regions of each mMCP gene. Nucleotide sequence analysis of its 5Ј-flanking region revealed that the mMCP-9 gene possesses a putative GATA-binding site at residues Ϫ109 to Ϫ104, 77 bp upstream of the TATA box (Fig. 2) . Mast cells express at least two members of the GATA family of transcription factors (46 -48) , and the mMCP-1, mMCP-2, mMCP-4, mMCP-5, and mMC-CPA genes all possess a GATA-binding site relatively close to their transcriptioninitiation sites (3, (15) (16) (17) 47) . Transient transfection experiments with various reporter constructs have indicated that this GATA site is needed for maximal transcription of the mMC-CPA gene (47) . A GATA site 435-bp upstream of its transcription-initiation site also appears to be critical for the expression of a homologous baboon mast cell chymase (48) .
Among the chromosome 14 family of mMCPs, the mMCP-5 gene is most dissimilar ( Fig. 4 and Table I ). Among the more homologous mMCP-1, mMCP-2, mMCP-4, and mMCP-9 genes, the lengths of the individual introns varied somewhat, but their percent identities approach that of the exons. Although ten different serine proteases have been identified in distinct populations of rat mast cells (49 -52) , none of the cDNAs that encode these proteases seem to be the rat homolog of mMCP-9. Nevertheless, this finding in the rat raises the possibility that additional serine protease genes that have not yet been described reside at the chromosome 14 complex in the mouse.
With primers located in exons 2 and 5 of the mMCP-9 gene, an RT-PCR product of the correct size and nucleotide sequence was obtained from RNA isolated from the intestine of BALB/c mice that had been infected with T. spiralis for 10 days (Fig. 3 ). Based on its deduced amino acid sequence, mMCP-9 encodes a serine protease whose mature form is ϳ25 kDa. In its zymogen form, mMCP-9 has a hydrophobic signal peptide identical to that in the mMCP-1, mMCP-2, and mMCP-4 zymogens except that an Arg residue replaces a Glu at position Ϫ6. Despite the change in net charge, this basic amino acid should not adversely affect the cleavage of the signal peptide in the endoplasmic reticulum because Arg Ϫ6 is present in the corresponding signal peptides of granzymes B to G (53) (54) (55) . Like six of the other serine proteases whose genes reside in the chromosome complex, the mMCP-9 zymogen possesses a Glu-Glu pro-peptide. Thus, mMCP-9 probably is activated by the sequential action of serglycin proteoglycans (56) and dipeptidyl peptidase I (57), as observed for a human mast cell chymase and other granule proteases of hematopoietic cells.
Comparative modeling of mMCP-9 (Figs. 4 and 5) suggests that this serine protease is a chymase with a unique and restricted substrate specificity relative to that of chymotrypsin. Mature mMCP-9 is the most positively charged mMCP so far cloned and possesses three positively charged regions on its surface that nearly overlap (Fig. 5 ). Region 2 is found in all a The number of nucleotides in each exon and intron of five mMCP genes is indicated as well as their percent identities relative to those in the mMCP-9 gene (parentheses). mMCPs (7, 12) except mMCP-6 (14) . Site-directed mutagenesis revealed that region 2 is the proteoglycan-binding domain of mMCP-7 (12) . Region 1 is found in mMCP-4 and mMCP-5 (7) , whereas region 3 is found only in mMCP-6 (14) . Region 3 of mMCP-9 contains three His residues clustered in its center. Thus, this region is predicted to lose some of its positive electrostatic potential once mMCP-9 is exocytosed from the mast cell into a neutral pH environment (Fig. 5B ). Recent analysis of mMCP-5-null mice has suggested that region 1 is used by mMCP-5 to form a binary complex with the negatively charged pro-peptide of mMC-CPA to ensure that the two proteases are targeted to the secretory granules of cutaneous mast cells in equimolar amounts (58) . Thus, it is likely that mMCP-9 also uses these positively charged regions to form multimeric complexes with serglycin proteoglycans and other negatively charged proteins inside, and possibly outside, the mast cell. mMCP-9 transcript ( Fig. 6 ) and protein ( Fig. 7) are abundant in the uterus of the normal BALB/c mouse. Mast cells and their mediators have been implicated in the development of the mouse uterus (59 -61) . Because certain mast cell chymases have been implicated in the degradation of extracellular matrices, mMCP-9 may play a role in the tissue remodeling of the uterus during pregnancy or the normal estrous cycle. The mMCP-9 transcript ( Fig. 6 ) and/or protein were not detected in the ear, liver, spleen, or intestine of normal BALB/c mice and were not detected in cultured V3 mast cells or in the more mature V3 mast cells that develop in the spleen and liver of BALB/c mice after adoptive transfer. Because all other chymases are expressed in spleen and liver of the mastocytosis mouse (22) , the expression of mMCP-9 is among the most restricted of the other known chymases.
The mMCP-9 transcript was not detected in the jejunum of uninfected animals but was found in the jejunum of BALB/c mice 10 days after T. spiralis infection (Figs. 3 and 6) when jejunal mast cells are abundant (21) . However, blot analysis revealed that the steady-state level of the mMCP-9 transcript was substantially less than that of the mMCP-1 transcript. Although mast cells are found in the muscle and submucosa regions of the jejunum at the height of helminth infection, ϳ90% of the mast cells in the jejunum reside in the lamina propria and epithelium. Immunohistochemical analysis revealed that mMCP-9 is expressed by the mMCP-5-positive mast cells in the submucosa (Fig. 8) , whereas mMCP-1 is expressed by the larger number of mMCP-5-negative mast cells in the lamina propria and epithelium (21, 36, 37) . This observation is compatible with the mMCP-9 transcript being less abundant than the mMCP-1 transcript in the RNA sample obtained from the entire jejunum. The observation that mMCP-9 is expressed by BALB/c mBMMC developed in the presence of KL and IL-10 but not by those developed in the presence of IL-3 alone (Fig. 6) indicates that the expression of this chymase is selectively regulated by the cytokine microenvironment around the cell.
